Rotavirus infection is the most common cause of acute diarrhoea in children worldwide. The structural and functional consequences of mammalian rotavirus infection in the small intestine have been incompletely studied and the mechanism of enterocyte damage poorly defined. This The pathophysiology of rotavirus diarrhoea, has been studied only in neonatal pigs20-21 and mice.22 The neonatal pig model has been used for both in vivo21 and in vitro20 studies.
fusion of the entire small intestine with a plasma electrolyte solution confirmed the presence of a net secretory state for water between 12-48 hours, with a parallel reduction in sodium absorption. Group B rotavirus infection produces a self limiting acute diarrhoeal illness in neonatal rats similar to human rotavirus infection. Infection causes a reversible flat mucosa resulting from enterocyte loss associated with a net secretory state for water and impaired sodium absorption as a functional correlate. These findings may have relevance for the pathogenesis of human rotavirus infection. (Gut 1995; 36: 231-238) Keywords : Rotavirus infection, small intestine.
Rotavirus is the most common cause of acute gastroenteritis in infants and young children worldwide, 1-3 yet its pathogenesis remains uncertain. Current evidence suggests that rotavirus diarrhoea is caused by a combination of factors, which include reduction in surface area of the small intestine, replacement of mature villous enterocytes by immature cells, and possibly an osmotic effect resulting from incomplete absorption of carbohydrate in the bowel lumen. 4 The pathogenesis of flat mucosa is not clearly established but is thought to be the result of direct or indirect enterocyte damage by the virus. For ethical reasons rotavirus diarrhoea is difficult to study in children, although intestinal biopsy studies confirm the occurrence of flat mucosa and virus within enterocytes. [5] [6] [7] [8] Several animal species such as neonatal pigs, lambs, calves, dogs, and rabbits have been used to study small intestinal morphology in rotavirus diarrhoea,9-15 however, in these species only a small number, sometimes single animals rather than groups, have been included. The neonatal mouse has been used by several investigators, 16-19 but villous shortening and crypt hyperplasia are comparatively minor and do not consistently occur, [17] [18] [19] suggesting that this is not a good model of rotavirus infection in children. [5] [6] [7] The pathophysiology of rotavirus diarrhoea, has been studied only in neonatal pigs20-21 and mice.22 The neonatal pig model has been used for both in vivo21 and in vitro20 studies.
Rotavirus infected neonatal mouse intestine has been studied in vitro using isolated intestinal segments without an intact blood and nerve supply22 and thus the pathophysiological relevance of this model might be questioned.
Recently, a group B rotavirus has been reported to cause symptomatic diarrhoea in neonatal rats23 and a similar virus can cause diarrhoea in humans. 24 We have infected neonatal rats with group B rat rotavirus and related the clinical course of diarrhoea to virus excretion in faeces, and to structural and functional abnormalities in the small intestine. This is the first systematic characterisation of this rotavirus infection in neonatal rats, which we consider will prove to be an excellent model for studying pathogenesis given intramuscularly as necessary. After anaesthesia, laparotomy was performed by a midline incision and proximal duodenum and distal ileum just adjacent to caecum were ligated. A polyethylene cannula (internal diameter 0.76 mm) was then inserted into the second part of duodenum and advanced to duodenojejunal flexure. This cannula was used to deliver the test solution. A second polyethylene tube (internal diameter 1.4 mm) was inserted into the most distal part of the ileum to serve as the collecting tube. Care was taken to avoid damage to the blood vessels supplying the section of the small intestine to be perfused and the abdomen was then closed. Body temperature was maintained at 37±0 5°C using a heating pad and by monitoring rectal temperature.
Before the perfusion, the entire small intestine was gently lavaged with isotonic sodium chloride at 37°C. A plasma electrolyte solution (Na 140, K 4, HCO3 30, Cl 104 mM; osmolality 297 ±0.3 mOsm/kg) containing a nonabsorbable marker [14C]-polyethylene glycol (PEG) 4 ,uCi/l was then perfused from a 50 ml infusion syringe using a Braun ED2 pump (Braun Ltd, Germany) at a rate of 0.25 ml/min. Ten ml plasma electrolyte solution was perfused through the intestine, after which a 30 minute equilibration period was allowed to achieve a steady state. After this three successive 10 minute collections were made from the distal cannula for analysis. The establishment of a steady state was confirmed by ensuring that the concentration of PEG in each of three successive collections varied <10% about the mean. 28 The recovery of PEG in these experiments was 97.0 (04)%/o (mean (SD)).
At the end of experiment, the rats were killed and the perfused segment of the small intestine gently removed and dried in a hot air oven at 100°C for 18 hours and weighed.
STATISTICAL METHODS
Student's t test was used to assess the statistical significance of differences in weight gain between control and infected rats. A non-parametric two tailed Mann-Whitney U test was used for other comparisons for which a commercially available statgraphics package29 was run on a personal IBM computer.
Results

DURATION OF DIARRHOEA
Diarrhoea was seen in some animals at 24 hours but by 36 hours all infected rats had diarrhoea. In addition, they appeared anorexic, dehydrated, and developed reddening and subsequently cracking of the perianal skin. Diarrhoea persisted for five to six days. None of the infected rats died. Control rats did not develop diarrhoea. BODY 
WEIGHT
At 24 hours body weight of infected rats was significantly lower than age matched controls (Fig 1) . Mean body weight of rotavirus infected rats at 24 hours was also significantly lower than their own pre-inoculation weight indicating weight loss during the infection. From 24-48 hours there was no further loss of weight, but at 48 hours mean weight was still significantly lower than pre-inoculation weight while the control rats continued to grow. At 72 hours significant weight gain was seen in the infected rats, although this was less than controls. From 96 hours onward, 'catch-up' weight gain occurred such that at 168 hours there was no difference in body weights between the control and infected rats.
EXCRETION OF ROTAVIRUS
Rotavirus was detected in the intestinal washings of infected rats first at 18 hours and in the faeces from 24-72 hours (Fig 1) . From 96-144 hours, when diarrhoea was improving but not completely resolved, rotavirus was not detected.
Electron microscopy of tissue sections
In the tissue sections, rotavirus was detected in aggregate form in the cytoplasm of syncytial cells (see later) at 24 hours. Individual viral particles were circular about 67 nm in diameter (Fig 2) .
HISTOLOGY AND MORPHOMETRY
Light microscopy of haematoxylin and eosin and PAS stained sections of the jejunum and ileum from the control rats at 0, 72, and 168 hours showed tall finger like villi, thin crypts with tall columnar epithelial cells having basally placed nuclei, and a large supranuclear area occupying almost the whole apical cytoplasm. PAS positive material, thought to be maternal IgG was found in ileal epithelial cells at 0 and 72 hours (data not shown).
Villi were shortened in infected rats, first apparent at 12 hours in the ileum and 18 hours in the jejunum and remained abnormal for up to 72 hours in the jejunum and 96 hours in the ileum. Most severe shortening was seen at 24 hours (Fig 3) , with cuboidal cells lining the villi instead of columnar epithelial cells. These changes gradually returned to normal by 96 hours. Syncytial cell formation was noted in the villus at 18 hours in the jejunum (Fig 4) and at 24 hours in the ileum. Syncytial contained clearer cytoplasm and multiple nuclei. Syncytial cells were found throughout the villus, but never in the crypts. The crypts were elongated at 48 hours in both jejunum and ileum with increased number of mitotic figures at 72 hours. The crypts remained elongated at 168 hours, which was the end of study period. A few vacuolations at the tip of the villi were noted at 12 Villous height Villous height in control rats increased significantly from 0 to 168 hours in both jejunum and ileum (Fig 5A and B) . In infected rats there was a significant reduction in villous height compared with controls in the jejunum at 18 hours, which persisted at 24, 48, 72 hours (Fig 5A) Crypt depth Crypt depth in control jejunum and ileum was similar at 0 and 72 hours, but was significantly increased at 168 hours (Fig 5A and B) . In the jejunum of the infected rats, a significant increase in crypt depth was first noted at 72 hours, which persisted until 120 hours. At 144 and 168 hours values were similar to controls at 168 hours. In the ileum, crypt depth was increased first at 48 hours and remained increased throughout the study period.
Total mucosal thickness Mucosal thickness in the jejunum and ileum of controls increased from 0 to 168 hours (Fig 6A  and B) . In infected rats total mucosal thickness in the jejunum was decreased by 18 hours and remained so at 24, 48, and 72 hours. In the ileum reduction in total mucosal thickness was first seen at 12 hours and this continued until 48 hours. Total mucosal thickness was still reduced at 168 hours compared with controls. 34 Flat mucosa has been reported ils (Fig 8A) .
Villous height/crypt depth ratio (VH/CD) VH/CD ratio in
in other animal species,9 12 14 23 and in Crypt hypertrophy was first noted in the ileum at 48 hours and in the jejunum at 72 hours, whereas net secretion of water occurred between 18-48 hours but reverted to a net absorptive state by 72 hours. These findings argue against the concept that diarrhoea is caused by the presence of immature crypt like cells with reduced digestive/absorptive capacity, which repopulate the villi after rotavirus damage.20 21 Thus the onset of diarrhoea coincides with flat mucosa and precedes the appearance of crypt hyperplasia.
When the whole small intestine was perfused with glucose free plasma electrolyte solution net secretion of water was seen from 18-48 hours, while there was net absorption at 12, 72, and 96 hours, although significantly less than in controls. At 24 hours, when flat mucosa was most profound, net absorption of sodium was significantly reduced. At this time, villi were populated with cuboidal cells in place of normal columnar epithelial cells, consistent with our findings that the absorptive capacity of the epithelium was reduced. Lining of the epithelium by cuboidal cells at the peak of rotavirus diarrhoea has been seen by othersI0 11 13 and net secretion of water has been described in in vivo2' and in vitro2022 studies. During this early period, no change in crypt depth was seen although when regeneration started the cuboidal cells lining the epithelium were gradually replaced by normal columnar cells and regeneration of villi paralleled clinical recovery. Net absorption of sodium occurred in infected animals throughout the study period. A linear correlation between concentration of sodium in the perfusion solution and the rate of sodium absorption in the intestine has been reported by several workers.4345 The concentration of sodium in the solution perfused was comparatively high (140 mmolll), which may explain why sodium absorption persisted in the infected rats despite net water secretion at 18-48 hours. At 24 hours when reduction in villous height was most pronounced, net sodium absorption was maximally reduced. These data suggest that destruction of villous epithelial cells was the important determinant of impaired sodium transport by the intestinal mucosa.
Therefore, from these and other studies9 11 12 it seems that group B rotavirus causes a rapid and extensive infection of mature, differentiated enterocytes in the neonatal rat. This infection leads to formation of syncytial cells and loss of epithelial cells into the lumen. This results in impairment of water and sodium absorption. Clinical recovery coincided with improvement of villous height towards normal values and the disappearance of rotavirus from the stools. 
